M o d e ra t e to severe tissue trauma is accompanied by both a local and a systemic response. The local response involves changes in cellular function and an inflammatory reaction in the surrounding tissue. The systemic response consists of mobilization of the nervous and endocrine systems to maintain the heart and brain, and thus sustain life. In the days and weeks that follow the injury, other reactions occur which allow for wound healing and return of body systems to preinjury status.
This article describes the physiologic changes that occur during the early response to trauma. It is in the emergency management of the trauma victim, especially in the first critical hour, that the occupational health nurse, with or without the aid of an emergency medical team, may be called on to care for the injured person.
EARLV ALTERATIONS IN CELL STRUCTURE AND FUNCTION
Injury interferes with the function of several components of the cell. Trauma to tissue is accompanied by an alteration in local blood supply and, subsequently, a decreased delivery of oxygen. Not only will the oxygen supply to the traumatized tissue itself be compromised, but decreased blood volume resulting from the injury may also cause cells in distant organs to become hypoxic.
It is in the emergency management of the trauma victim, especially in the first critical hour, that the occupational health nurse may be called on to care for the injured person. Table 1 lists selected cellular components and their functions.
Electrolyte Concentrations and Intracellular Edema
Lack of oxygen directly results in a shortage of adenosine triphosphate (ATP) in the cell which slows or halts the function of all energy requiring reactions. One vital example is the function of the sodium/ potassium (Na/K) active transport system located in each cell membrane. This sodium/potassium pump is responsible for maintaining the concentrations of the two ions, Na + and K+, inside and outside the cell by continually transporting Na + out of the cell and transporting K+ into the cell. Transport occurs in the ratio of 3 Na + out for every 2 K+ in (Guyton, 1986) .
If this pump ceases to function, Na +, which is at higher concentration in the extracellular fluid than within the cell, diffuses into the cell and cannot be removed. The accumulation of intracellular Na + produces an osmotic gradient which pulls water into the cell, causing intracellular edema (Guyton, 1986) . Meanwhile, pump failure has also resulted in a net lowering of intracellular K+, which diffuses out and is not sufficiently pumped back into the cell. These changes in sodium, potassium, and water content could be harmful to any cell but are especially critical in neurons, where function depends on the maintenance of specific gradients of ions across the cell membrane for conduction of nerve impulses. Sodium and water retention by injured cells may last for days, and the affected area may widen due to an increasing area of tissue hypoxia. If the area of injury is sufficiently large, systemic hyponatremia may result (Stoner, 1983) .
Severely injured cells may also accumulate calcium ions within their cytoplasm and mitochondria. Calcium levels in the cytoplasm are normally low. Increases occur when calcium enters the cytoplasm either through an altered cell membrane or by a net release of calcium from the cell's smooth endoplasmic reticulum. Increased intracellular concentrations of calcium can then interfere Trauma   TABLE 1 Selected Cell Components Affected by Trauma with cell-to-cell communication, with mitochondrial function, and with the structure of various membranes within the cell, including those of Iysosomes (Zuidema, 1985) .
Cell Component Description and Function Interrupted by
Contains channels and transport systems which control passage of ions and molecules into and out of cell; separates cytoplasm from extracellular fluid.
Site of aerobic ATP production.
Network of tubules used for storage and transport of various chemicals within the cell.
Membrane-bound sac which contains enzymes used for intracellular digestion (e.g., digestion of bacteria within phagocytes).
Susceptibility of Cells to Injury
Cells of different organs have varying susceptibilities to hypoxic injury. Cells that have a higher oxygen consumption, i.e., higher metabolic rate, are most susceptible. Examples are cells of the brain and kidney (Marzella, 1987) .
Studies on brain tissue involving either clamping of carotid arteries or using subjects in hemorrhagic shock have shown that a cerebral blood flow of about 50% normal, with a mean arterial pressure (MAP) of approximately 30 mm Hg, will produce a flat electroencephalogram (EEG). If flow is reduced further to about 20% of normal, with MAP of approximately 20 mm Hg, measurable cell damage occurs. Prolonged flow at this level will result in permanent damage (Safar, 1986a) .
Sudden complete cessation of blood flow to the brain will produce unconsciousness within 10 seconds and a flat EEG within 20 to 30 seconds, the time required to use up the brain's oxygen stores. Dilated, fixed pupils may be seen within approximately 60 seconds, and after about 5 minutes without blood flow, neuron damage is usually considered irreversible (Safar, 1986a) . Anaerobic metabolism will provide approximately 4 minutes of energy for the brain until glucose is depleted. By 5 minutes, brain ATP will be 25% of normal, and creatine phosphate concentration will be zero. Some neurons have been shown to recover after 60 minutes of circulatory arrest at normal body temperature (Safar, 1986b) .
Cells of the renal tubules seem particularly susceptible to ischemic injury. Animal experiments have shown that death of these cells occurs after 25 minutes of ischemia (Venkatachalarn, 1978) . Renal ischemia is one of the major causes of acute tubular necrosis, which often is seen after massive crushing injuries and burns involving a large area of the body surface (Robbins, 1984) . Fortunately, tubular necrosis is potentially reversible (Porth, 1986 ).
Other Changes
Other anatomic or chemical changes that can occur in injured or hypoxic cells include the swelling of mitochondria and depression of their function, which is already compromised by lack of oxygen. A general increase in cell membrane permeability also occurs, probably due to a net loss of phospholipids from the membrane (Robbins, 1984) .
Additionally, injured cells release tissue thromboplastin, a chemical that initiates the extrinsic pathway for blood coagulation. This process may lead to the formation of small blood clots in the area, which would further decrease perfusion and become a source of pulmonary emboli. approximately 6.5 is ideal for the action of degradative enzymes called lysosomal hydrolases. These enzymes are normally contained within the Iysosomes of phagocytic cells, but are released during cellular injury or hypoxia, when the lysosomal membranes are disrupted. The enzymes, which include proteases, DNAses, and RNAses, can digest constituents of nearby cells and widen the area of original damage.
Cell membrane (plasma membrane)
Mitochondrion
Smooth endoplasmic reticulum
Lysosome Acidosis Another consequence of tissue hypoxia is intracellular acidosis. In the absence of sufficient oxygen, cells derive limited amounts of ATP for energy from their supply of creatine phosphate, an energy storing compound, and additional energy is generated from anaerobic glycolysis. Use of this fermentation pathway provides a relatively small amount of ATP, with by-products which include lactic acid. The accumulation of this compound will produce intracellular acidosis. When a large number of cells are involved, extracellular acidosis also may develop if it is not prevented therapeutically. Indeed, a positive correlation has been found between the amount of lactic acid in the plasma and the severity of injury (Stoner, 1983) .
Acidosis has a depressing effect on nervous system activity. It also may promote cellular damage by enzymes. Within cells, an acid pH of t Sometimes referred to as prostaglandins. :I: Robbins, 1984; Zuidema, 1985. LOCAL TISSUE FACTORS Hypoxic tissue injury is known to result in increased production of a host of chemicals, made either within the injured cells themselves, or by cells such as platelets or leukocytes. Examples of these local tissue factors are listed in Table 2 , and include the degradative enzymes from Iysosomes, as discussed.
Oxygen derived free radicals comprise a second potentially injurious type of compound produced and released by neurophils and macrophages. Free radicals are atoms, or groups of atoms, which possess an unpaired electron that can readily react with and alter essential chemicals in the cell. Free radicals, in which the reactive atom is oxygen, include superoxide (02-)' hydroxyl (OH), and hydrogen peroxide (H 202 ) . These radicals normally are made by the phagocyte to aid in its destruction of ingested bacteria.
Under ordinary conditions, tissues possess enzymes or other factors which keep the activity of very reactive cellular compounds, such as the free radicals, in check. However, when injury occurs, the production of free radicals increases beyond the cells' ability to prevent damage. Moon et al (1986) studied the in vitro production of superoxide by polymorphonucleocytes and found that it was stimulated by the increased glucose concentration that is characteristic after moderately severe trauma. An increase in superoxide production posttrauma is beneficial for fighting infection, but can be harmful to cellular components. As indicated in Table 2 , the local tissue factors all have a vasoactive component to their function-many of them increase the permeability of blood vessels and stimulate pain receptors. Vasodilation and increased vascular permeability are responsible for three of the four classical manifestations of inflammation: red-ness, swelling, and warmth (pain is the fourth). Thus, these factors are mediators of the inflammation which accompany tissue injury.
CHANGES IN BLOOD FLOW AND VASCULAR PERMEABILITY
When tissue injury occurs, the immediate reaction in the local circulation is a short lived vasoconstriction of the arterioles, lasting from seconds to minutes depending on the severity of the injury. This vasoconstriction may be due to a neurogenic response or to the action of chemical mediators. Constriction is followed by vasodilation of arterioles due to prostaglandin and possibly other local factors, and blood flow into previously unused beds of small blood vessels. Increased blood flow in the area will raise the pressure in the small blood vessels, and may begin the movement of fluid out of the vessels into the extravascular space.
At this point, vascular permeability begins to increase. The cause(s) and duration of the increase depend on the type and severity of injury. An immediate-transient response is seen after mild injury and lasts only 15 to 30 minutes. It is due to histamine or other chemical mediators or to the mild injury itself. If the injury is more severe, the increase in permeability will be an immediatesustained response, which can last for several days since it is produced by direct injury to the blood vessel wall. There is also a delayedprolonged response that appears after several hours or days, probably due to direct injury to the blood vessels, e.g., by ultraviolet radiation (sunburn) or x-rays (Robbins, 1984) .
An increase in vascular permeability permits fluid, small molecules, and proteins to escape into the extravascular space. The resulting increase in protein concentration outside the injured vessels can cause a decrease in plasma protein concentration if the injury is widespread. Either of these conditions will alter the osmotic balance across the blood vessel wall and cause further leakage of fluid into the extravascular space, producing a local area of edema.
If edema develops over a large area of the body, as might happen with widespread burns, a significant decrease in blood volume could result. The loss of fluid from small blood vessels in the affected area eventually may lead to concentration of the red blood cells, an increase in blood viscosity, and local stasis of blood flow with thrombus formation. Thus, in the first few hours after trauma, numerous local changes are taking place. These include cellular damage and malfunction; the loss of fluid from the circulation; either an increase or decrease in blood flow, depending on the time since injury and the area under consideration; and initiation of other components of the inflammatory response. The mobilization of phagocytes to defend against infection also begins within hours after injury, but since
Cells of different organs
have varying susceptibilities to hypoxic injury.
infection, if it occurs, would not be manifested until much later, this subject will not be discussed.
THE NEUROENDOCRINE RESPONSE Trauma,as a major physiologic stressor, activates responses in neuroendocrine pathways that work together to restore blood volume and maintain the function of essential organs. These responses are somewhat independent of the specific type of injury, Cardiovascular changes may begin to occur even before the actual injury. Awareness of impending danger via the sense organs activates the defense reaction, the protective response that prepares the body for "fight or flight." The hypothalamus initiates sympathetic stimulation, the well-known jolt of adrenalin, to increase heart rate and blood pressure. It also activates vasodilator neurons to skeletal muscles to increase blood flow in these muscles and prepare them for action.
When trauma occurs, a neuroendocrine response is stimulated via two types of nervous pathways. In one, baroreceptors (pressure receptors) detect the change in intravascular volume and pressure that accompanies blood or fluid loss. In the second pathway, nervous impulses from pain receptors stimulate the hypothalamus to activate neuroendocrine responses even before blood volume has decreased enough to be detected by baroreceptors (Gann, 1986) .
Baroreceptor Reflexes
A fall in MAP is detected by baroreceptors located in the aorta and carotid arteries. In response, the cardiovascular or vasomotor center in the brainstem immediately increases its sympathetic stimulation to the heart and blood vessels. This sympathetic stimulation involves both neurons and circulating epinephrine and norepinephrine. The result is an increase in cardiac rate and strength of contraction, and in sympathetic vasoconstriction in the kidney, skeletal muscles, and skin. This response serves to elevate blood pressure and direct blood flow to the brain and heart. Parasympathetic stimulation, which normally slows the heart, is decreased.
Loss of blood volume leads to a decrease in venous return, producing lower pressure in the great veins and atria of the heart. Pressure receptors in these areas provide additional stimuli for the response described above. These baroreceptor reflexes respond within seconds to minutes of a change in blood pressure or blood volume in an attempt to bring about hemodynamic stabilization.
Capillary Refilling
Sympathetic vasoconstriction occurs predominantly in arterioles with some constriction on the venous side of the circulation. Arteriolar constriction produces a decrease in capillary blood pressure, which favors the movement of fluid into the blood stream from the extravascular space to replace fluid which has been lost. This occurs within 2 to 6 hours after injury (Gann, 1986) .
Restoration of Blood Volume
The majority of the reactions occurring within the first 24 hours of injury to restore blood volume involves the secretion of hormones which causes the kidney to retain fluid. Decreased blood flow to the kidney, as well as the direct effect of sympathetic stimulation, increase the kidney's release of the enzyme renin into the bloodstream. Renin converts the plasma protein angiotensinogen to angiotensin I, which is in turn converted to angiotensin II in the lungs. Angiotensin II is a potent vasoconstrictor and serves to increase the blood pressure. It also stimulates the formation of aldosterone by the adrenal cortex, which contributes to the restoration of blood volume by causing the kidney to retain sodium and water.
Angiotensin II is also a strong stimulator of thirst. High plasma osmolality due to increased glucose, and the loss of at least 10% of the blood volume, also serve to increase the desire for fluid intake (Guyton, 1986) . Whereas an attempt to restore volume by oral hydration is logical, the trauma victim should never be allowed to drink anything until a health care provider has determined that internal organs have not been harmed and that surgery is not imminent.
Vasopressin (antidiuretic hormone) acts on the kidney to promote the retention of water but not sodium. Secretion of the hormone by the posterior pituitary gland is stimulated by the hypothalamus in response to a change in impulses from baroreceptors in the atria. An increase in plasma osmolality due to the high plasma glucose level which occurs after trauma also stimulates vasopressin secretion. In addition to its action on the kidney, vasopressin has a vasoconstrictor effect which aids in restoring blood pressure.
Urine output is further decreased when blood loss or shunting of blood to other organs limits renal perfusion. This directly decreases glomerular filtration and urine production.
METABOLIC RESPONSE
For the past 45 years the metabolic changes that occur in response to trauma have been divided into two phases. Cuthbertson (1942) described early changes which last about a day as the "ebb phase," a period of hypometabolism to conserve energy and preserve life. This is followed by a period of hypermetabolism called the "flow phase," which lasts for days or weeks and provides for wound healing and normalization of the body systems.
The trauma victim should never be allowed to drink anything until a health care provider has determined that internal organs have not been harmed and that surgery is not imminent.
Events occurring in the ebb phase are important to the occupational health nurse at the scene of the accident.
Hormonal changes. Sympathetic stimulation in response to pain and low blood volume leads to the mobilization of glycogen stores from the liver and muscles, and the mobilization of fat stores from adipose tissue, mainly through the action of circulating epinephrine. The resulting elevation of glucose and fatty acid concentrations in the plasma assures a ready supply of fuel for energy production. The availability of blood glucose is especially important to continued function of the brain, which is unable to adapt quickly to the use of any other compound as an energy source.
Changes in the plasma concentrations of glucose are directly related to the severity of injury. However, lipid breakdown products increase with severity of injury up to moderate levels of trauma, but rise no further if the injury is severe. Indeed, lipid levels sometimes fall in severe injury secondary to lack of perfusion of adipose tissue (Stoner, 1983) .
In addition to direct action on nutrient stores, sympathetic stimulation inhibits the secretion of insulin and increases the secretion of glucagen from the pancreas (Gann, 1986) . Both of these hormonal changes serve to increase the concentration of glucose and fatty acids in the blood.
Elevation of blood glucose and Gauthier, LeMone fatty acid levels are further supported by secretion of cortisol and growth hormone. Cortisol level increases, like fatty acid levels described above, are limited by the severity of the injury; levels rise with severity in mild to moderate injury, but go no higher in severe injury due to decreased perfusion of the adrenal cortex. Therefore, to increase cortisol levels in severe injury, fluid is given to increase perfusion, which elevates the need to provide exogenous cortisol.
The anterior pituitary secretes more growth hormone and prolactin after trauma (Stoner, 1983) . Growth hormone plays a minor role in elevating blood glucose. The significance of prolactin is uncertain.
Glucose serves a second purpose beyond that of ready fuel for energy production; in cases of severe injury, the elevated plasma glucose levels may be a major contributor to the increase in plasma osmolality, which tends to draw fluid into the bloodstream (Gann, 1986) . Significant changes in plasma amino acids do not occur in the early response to trauma (Stoner, 1983) .
Oxygen consumption. The designation of the early metabolic changes following trauma as the "ebb phase" reflected the belief that metabolism, as indicated by oxygen consumption, was slowed during this phase (Cuthbertson, 1942) . The experimental evidence supporting this view has been challenged recently (Little, 1985; Stoner, 1987) . A study by Edwards (1988) indicates that although the blood flow to uninjured tissues may be reduced after trauma, the ability of these tissues to extract oxygen from the blood may actually increase to maintain a relatively constant oxygen consumption by the body as a whole. In the group of trauma victims studied by Edwards, oxygen consumption in the ebb phase was normal in 4 persons, higher than normal in 10, and lower in 2.
However, if loss of blood volume is too large, the cells will not be able to increase their oxygen extraction enough to offset the decreased perfusion, and hypoxia will result. Therefore the primary therapy needed in the ebb phase of metabolic response is to maintain the oxygen supply to the tissues by giving blood or other fluid to increase perfusion, and by providing supplemental oxygen.
Temperature. In humans, body temperature is maintained by the balance between heat production from metabolism, including chemical reactions needed to shiver, and heat loss by radiation, conduction, and evaporation. This balance is maintained by neurons in the hypothalamus sometimes referred to as the temperature regulating center. There are varying types of evidence for a failure of thermoregulation after injury. Little (1981) has shown that after severe injury, both skin and mean body temperatures decrease. This occurs within 4.5 hours after injury and is more pronounced with increased severity of injury. A drop in temperature below 35. 7°C (plus or minus O.2°C) normally results in shivering to generate heat; this does not occur in severely injured persons (Stoner, 1986) .
The drop in skin temperature can be explained by vasoconstriction. Possible reasons for the decrease in core temperature include decreased oxygen delivery and changes in central thermoregulation (Little, 1981) . A lowered core temperature may be beneficial in an untreated client, since it decreases the need for oxygen, but it is of no value if treatment is available to restore tissue perfusion.
In contrast, persons with mild to moderate injury have a slightly elevated temperature. These individuals complain of feeling cold, and when given a choice, select an environment with a warmer temperature than would normally be comfortable (Little, 1985) . Unfortunately, traumatic injuries sometimes occur under conditions, such as exposure to hot or cold weather, which impose a greater degree of difficulty in maintaining body temperature. Elderly Elderly persons are in special danger of becoming hypothermic after minor injuries because they have poorer temperature control than their younger counterparts.
persons are in special danger of becoming hypothermic after minor injuries because they have poorer temperature control than their younger counterparts (Stoner, 1983) .
Paradoxical Role of Pain Impulses
One explanation that has been offered for the inhibition of thermoregulation after injury is the effect of nervous impulses originating in pain receptors (nociceptors). The role of pain impulses in the acute response to injury is a paradoxical one. As mentioned previously, pain impulses augment the initial stimulation of the nervous system that occurs with a decreased blood volume. This protective effect, however, may be counterbalanced by the fact that impulses from nociceptors have been shown to inhibit thermoregulation and also to inhibit certain cardiovascular reflexes that are needed to cope with fluid loss (Stoner, 1986) . Stoner (1986) states that a person with fluid loss alone can tolerate a greater degree of insult than one whose fluid loss is accompanied by tissue injury which stimulates pain receptors. Measures to relieve pain in the trauma victim are not only humane, but also will help stabilize the hemodynamic system and body temperature. These interventions should be aimed at prevention of stimulation of nociceptors, rather than solely at relief of the perception of pain. Interventions include splinting and setting fractures as soon as possible, restoring circulation to ischemic tissue, and removing non viable tissue. Stoner (1986) suggests that the use of regional or spinal anesthesia to interrupt pain pathways also should be considered.
PHYSIOLOGIC RESPONSES OF THE RESPIRATORY SYSTEM
The production of energy for survival requires oxygen. Since the body does not store oxygen, it is entirely dependent on the appropriate functioning of the pulmonary system. Cellular level injuries which may directly impair the respiratory process will be discussed.
Increased Capillary Permeability
Alterations in the function of the lungs are not immediately apparent following injury unless the trauma involves the thorax. However, changes in lung physiology can begin very early. Studies by Sturm (1986) indicate that severe multiple trauma which does not involve direct injury to the lungs will produce an increase in pulmonary capillary permeability within the first 24 hours after the injury. Reasons for permeability changes include the effects of complement, granulocyte activation, and damage to the blood vessels by microemboli. Increase in capillary permeability plays a role in respiratory insufficiency and the eventual development of adult respiratory distress syndrome (ARDS), both of which can be life threatening problems in persons with severe trauma.
Pulmonary Emboli
Damage to lung tissue may also be caused by emboli consisting of fibrin, platelets, or fat (Zuidema, 1985) . Fat emboli are a particular danger when the trauma involves fractures of bones containing fatty marrow or other fatty tissue. Circulating fat globules can plug pulmonary capillaries and release fatty acids, with endothelial damage, pneumonitis, or secondary thrombus formation and a widening area of ischemia as consequences (Safar, 1986c) .
1 Moderate to severe trauma is followed by a local re-• sponse, which involves changes in cell function and an inflammatory reaction, and a systemic response coordinated by the nervous and endocrine systems. 3 Trauma activates nervous and hormonal pathways which • help to restore blood volume and maintain the function of essential organs. The effects of these responses on cellular oxygen consumption and body temperature are described.
Acute Response to Trauma
4 Examples of respiratory system involvement in response • to trauma in the lungs or elsewhere are given. These include increased capillary permeability in the lungs, pulmonary emboli, and damage from smoke and heat inhalation.
